The present study was designed to elucidate whether molecular mechanisms for leukocyte adhesion to microvascular endothelium may differ between spontaneously hypertensive rats and Wistar Kyoto rats. Leukocyte rolling and adhesion were investigated while monitoring venular wall shear rates in the mesenteric microcirculation stimulated with histamine or tert-butyl hydroperoxide in the two strains. In Wistar Kyoto rats, 10 jM histamine as well as 500 ,LM tertbutyl hydroperoxide promoted a significant reduction of venular leukocyte rolling velocity and subsequent adhesion. These changes in leukocyte behavior were blocked by monoclonal antibodies against P-selectin (PB 1.3) and against sialyl Lewis X-like carbohydrates (2H5). However, spontaneously hypertensive rats exhibited a blunted response of the stimulus-elicited leukocyte rolling, which was associated with impairment of venular P-selectin expression as well as a decrease in the expression of sialyl Lewis X-like carbohydrates on circulating neutrophils. No significant differences were detected between the two strains not only in the surface CD11b/CD18 expression but also in the CD18-mediated adhesivity of neutrophils to intracellular adhesion molecule-1 transfectants in vitro. These results suggest that impairment of selectin-mediated leukocyte adhesion is an event responsible for disorders of inflammatory responses in spontaneously hypertensive rats. (J. Clin.
Introduction
The progressive elevation of arterial blood pressure in humans as well as in various experimental models of hypertension, is associated with an array of microcirculatory derangements that develop early in the formative stages of this pathological condi-tion (1, 2) . Despite the extensive literature on hypertensive syndromes, there is as yet no consensus with respect to the factors which predispose hypertensive subjects to specific organ complications. We have reported a significant increase in the number of spontaneously activated neutrophils and monocytes in the pool of circulating leukocytes in spontaneously hypertensive as well as Dahl hypertensive rats (3, 4) . Such high numbers of circulating phagocytes may contribute to the pathogenesis of organ complications in the hypertensives. According to recent reports (5, 6) , however, spontaneously hypertensive rats (SHR)' show a suppressed leukocyte adhesion to endothelium in response to various proinflammatory reagents compared with Wistar Kyoto (WKY) rats. But the molecular mechanism for such an attenuation of leukocyte-endothelial interaction remains unresolved.
The major objective of the present study was to compare the ability of venular endothelial cells to elicit leukocyte adhesion in SHR and normotensive WKY and to investigate the molecular mechanisms responsible for dysfunction of the leukocyte adherence in hypertensives. In vivo video microscopic measurements in the mesenteric microcirculation have revealed that the stimulus-dependent venular leukocyte rolling is significantly blunted, suggesting that the disorder of selectin-mediated adhesion mechanisms plays a fundamental role in impairment of leukocyte-endothelial interactions in SHR.
Methods
Animal preparation. Male SHR and age-matched normotensive WKY were obtained from Charles River Laboratories (Wilmington, MA). Animals were housed in a controlled environment and maintained on a standard pellet diet for at least 7 d before initiation of the experimental procedures. 12-13-wk-old SHR and WKY (280-320 grams) were anesthetized with sodium pentobarbital (40 mg/kg, IM), 30 min prior to exposure of the ileocecal mesentery for intravital microvascular observation. The femoral artery and vein were cannulated with PE-50 polyethylene tubes (Clay Adams, Parsippany, NJ) to monitor systemic arterial pressure and to inject reagents, respectively. The rats were placed on a heating pad, covered with a blanket, and maintained at 370C. The abdomen was opened via a midline incision. The ileocecal portion of the mesentery was carefully exposed and mounted on a plastic pedestal for intravital microscopy as described previously (7) (8) (9) (10) . The preparation was kept at 37°C and continuously superfused with Krebs-Henseleit bicarbonate-buffered solution (pH 7.4) saturated with a 95% N2/5% CO2 gas mixture.
Intravital microscopy. The mesenteric microcirculation was visualized through an intravital microscope (x 55 water immersion objective; E Leitz Wetzlar GmbH, Wetzlar, Germany) via a CCD television camera (model 2362; Javelin Electronics, Tokyo, Japan) to investigate venular leukocyte behavior while monitoring arteriolar and venular erythrocyte velocity ( 11 ) . Single unbranched venules (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) prm in diameter) were selected for study. Centerline erythrocyte velocity (VR) was measured by the cross-correlation velocimeter (IPM, Inc., La Mesa, CA) and was calibrated against a rotating glass disk coated with erythrocytes rotating with known velocity. Arteriolar and venular blood flow was computed from the product of mean blood cell velocity Wmean = centerline velocity/ 1.6) ( 12) and microvascular cross-sectional area, assuming a cylindrical lumen crossection. Venular diameter (D, ) was measured using the video image-shearing technique (IPM, Inc.). Venular wall shear rate (y) was calculated based on the definition for a Newtonian fluid: y = 8 (Vmean/D,) (13) .
The number of adherent leukocytes was determined off-line during play back of the videotape images. A leukocyte was regarded to be adherent to venular endothelium when it remained stationary for at least 30 s. Adherent cells were expressed as the number per 100-pm length of venular segment. The velocity of rolling leukocytes was determined by counting the number of individual video frames required for a leukocyte to pass over a preselected distance along the venular wall. In addition, to evaluate details of the leukocyte-endothelial cell interaction, the distance over which a leukocyte was rolling as well as the time to traverse the same distance was measured, and the mean leukocyte rolling velocity for individual leukocytes was then computed. To compose a histogram for the normalized leukocyte velocity (Vw/VR), such measurements were repeated for at least 50 rolling cells in each experiment. Vw/VR is an index of the membrane adhesive stress between leukocytes and endothelium ( 14) . Approximately 3-min video records were usually required to complete 50 measurements.
In vivo endothelium-leukocyte interactions after stimulation. After the mesentery was exposed and prepared on a temperature-controlled stage, the preparation was stabilized for - 20 min after the start of the low-shear condition (< 250/s). In these experiments, a leukocyte which remained at the same position on the venular endothelium for more than 30 s was regarded as an adherent cell, and the adherent leukocyte density was expressed as the number per unit venular length ( 100 pm). Measurements of erythrocyte velocity, inner vascular diameter, leukocyte rolling velocity, and adhesion density were collected before and every 10 min after the start of histamine or t-BH superfusion, or after the start of the low-shear period. To evaluate differences in the distribution of the relative leukocyte velocity (Vw/VR) between WKY and SHR, histograms were prepared with > 500 measurements derived from six to eight animals in each group.
In v'ivo monitoring of platelet-endothelial cell interactions. To explore whether the effects of the anti-P-selectin mAb (PB 1.3) on leukocyte adhesion might be attributable to the up-regulation of P-selectin on activated platelets, in vivo platelet-endothelial cell interaction was monitored microscopically during the histamine superfusion using a novel fluorochrome, carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes, Eugene, OR) (20, 21). 1.0 mg/kg of the CFSE solution (dissolved in DMSO) was diluted with 1.5 ml physiological saline, and injected at 0.3 ml/min into the femoral vein, 30 min before the histamine superfusion. CFSE-labeled platelets were visualized through a fluorescence microscope (X 55 water-immersion objective lens; E. Leitz Wetzlar GmbH) equipped with a silicon intensified target camera (C-2400-08; Hamamatsu Photonics, Hamamatsu, Japan). CFSE-labeled platelets were identified as pin-point fluorescent activities flowing along the microvessels (20) . The exposure time for recording CFSE microfluorographs was limited to a maximum of 40 s during each measurement to minimize photobleaching. Platelets which remained at the same position on the venular endothelium for at least 30 s were regarded as stationary platelets. The number of such platelets per 100-pm venular segment length was estimated at 10-min intervals after the application of histamine.
Itntnunohistochemnistry of P-selectin in the rat mesenteric microcirculation. To elucidate the endothelial P-selectin expression in WKY and SHR, immunohistochemical analysis was carried out according to a previously modified method (22, 23) . Briefly, 30 min after the histamine superfusion, the blood supply to the intestine was ligated close to the abdominal aorta and then cut (24) . Vascular tissue samples were taken after intravenous infusion of the anti-P-selectin mAb PB11.3 (2 mg/kg) 50 min before fixation. The circulating mouse mAb could attach only to luminal P-selectin and was subsequently detected with an anti-mouse IgG antibody as described elsewhere (22, 23) . The mesenteric tissues were immediately immersed in absolute methanol (-20°C) and allowed to stand for 12 h at -20°C. The mesentery was permeablized in 0.5% Triton X-100 (Sigma Chemical Co.,) for 10 min, and was incubated with 3% hydrogen peroxide for 10 min to block the endogenous peroxidase activity. After rinsing in PBS, the mesentery was exteriorized on the glass slide and incubated for 2 h with 3% bovine serum albumin to block nonspecific binding to the tissue. At the end of the incubation, biotinylated anti-mouse IgG (Dako Co., Carpinteria, CA) was used as a secondary antibody. The incubation was carried out at room temperature for 60 min with the appropriate dilution by streptavidin peroxidase (Dako Co., Carpinteria, CA) in 0.02 M PBS (pH 7.0) containing 0.02% hydrogen peroxide for 5 min in a dark chamber. The tissues were counterstained with hematoxylin before mounting. Concurrent controls included mesenteric tissues where the primary antibody (PB 1.3) was substituted with physiological saline or nonbinding isotype-matched mouse IgG.
Detection of L-selectin, sialyl LeX-like carbohydrates, and integrins in circulating leukocytes. To explore differences in the expression of adhesion molecules on neutrophils, flow cytometric analysis was carried out using FITC-labeled mAbs directed against CDl lb (WT-5), CD18 (WT-3), L-selectin (HRL4), and sialyl LeX (2H5). WKY and SHR were anesthesized and blood samples were drawn into EDTA-containing cuvettes by heart puncture, as described previously ( 18). Constitutive expression of these adhesion molecules on neutrophils was determined using an EPICS Elite flow cytometer (Coulter Electronics, Hialeah, FL) and the FITC-labeled monoclonal antibodies. 10,000 cells were analyzed in each experiment which was carried out on blood samples from five pairs of WKYs and age-matched SHRs. The peak fluorescence intensity of the histogram in each pair of measurements (arbitrary units) was estimated and the measurement derived from SHR was expressed as a percentage versus that from the paired WKY. The effects of 50 ng/ml PMA on the molecular expression were also tested using the same system.
Evaluation of neutrophil adhesion to rat intracellular adhesion molecule-i (JCAM-J) -transfected Chinese hamster ovary (CHO) cells. To evaluate the difference between WKY and SHR in the CDl lb/CD18-dependent adhesion of neutrophils, rat ICAM-1-transfected Chinese hamster ovary cells (CHO-R28) and their negative control cells (CHO-K 1) were cultured according to a method described elsewhere (25) . Neutrophils in the marginating pool were isolated from WKY and SHR by a hetastarch exchange transfusion (26) . The cell suspension (1 x 106 cell/ml) was incubated with 10IM 2', 7-bis (carboxyethyl)-5(6) carboxyfluorescein tetra-acetoxymethyl ester (BCECF-AM; Dojindo Laboratories, Kumamoto, Japan) for 1 h at 370C, washed and resuspended in the modified Eagle's medium (MEM), and served as a sample for cell binding assay (27) . Unstimulated neutrophils (1 x 106 cells/ ml) or neutrophils stimulated with phorbol myristate acetate (50 pg/ ml, for 10 min) were inoculated onto the wells containing CHO cells in a final volume of 100 Ml and incubated for 30 min at 37TC. The well plates were then inverted for 15 min at room temperature to remove nonadherent neutrophils. After the adherent cells were lysed with 50 Al of 0.1% NP-40, the number of these cells was calculated on the basis of a fluorescence readout at 530 nm under the excitation at 490 nm using an automated microplate fluorometer (MTP; Corona Electric Co., Ibaraki, Japan) (27) . Effects of pretreatment with mAbs against CD18 (WT-3, 10 pg/ml at final concentration) or against ICAM-1 (1A29, F(ab')2 fragments, 16 pg/ml at final concentration) were evaluated in selected experiments.
Statistics. Significance of the difference in these values between groups was determined by analysis of variance and Scheffe-type multiple comparison test. Differences in the mean and SD values in the histogram of the leukocyte rolling velocity among groups were statistically evaluated by a nonparametric Wilcoxon's ranking test and Kolmogorov-Smirnov test, respectively, according to previous methods (18). Mann-Whitney's U-test was used to compare the peak fluorescence intensity between the two strains in flow cytometry studies. All values are expressed as mean±SD, and statistical significance was set at a value of P < 0.05.
Results
Spontaneous leukocyte rolling in WKY and SHR. The mean blood pressure measured in the femoral artery at the beginning of the experiments (30 min after anesthesia) was 118±10 vs 160±+18 mmHg (P < 0.05, n = 8) in WKY and SHR, respectively. As previously reported, the circulating leukocyte counts (5,260±+1,280 vs 8,700+3,870 cells//il, n = 8) and neutrophil counts (1,120+630 vs 2,030+1,060 cells/~l, n = 8) were significantly higher in SHR than in WKY (P < 0.05) at the age used for these experiments. L-selectin F(ab')2 mAb (HRL-3) significantly increased the relative leukocyte rolling velocity both in WKY and in SHR. These results indicate that in both species the molecular interaction with L-selectin contributes to spontaneous leukocyte rolling in venules in the unstimulated venules. Histamine-induced leukocyte activation in WKY and SHR. Fig. 2 illustrates the time history of erythrocyte velocity, wall shear rates, and leukocyte rolling velocity in venules of WKY and SHR during histamine treatment. After superfusion of 10 1iM histamine, WKY showed a significant decrease in the leukocyte rolling velocity concomitant with a transient increase in flow volume and venular shear rate. In contrast, in SHR, the same concentration of histamine neither induced any significant decrease in the leukocyte rolling velocity nor evoked a transient increase in venular shear rates.
To explore the possible contribution of P-selectin to the histamine-induced leukocyte-endothelial cell interaction, the relative leukocyte velocity (Vw/VR), the wall shear rate and the number of adherent cells in venules were compared among the two groups (Fig. 3) . After histamine superfusion for 30 min in WKY, the relative leukocyte rolling velocity was significantly decreased, suggesting an increasing adhesive stress between venular endothelium and leukocyte membranes. Pretreatment with PB 1.3 or with 2H5 significantly blunted these changes, suggesting the involvement of P-selectin and SLeX in the histamine-induced increase in adhesive force. As pointed out pre- histamine, and pretreatment with PB 1.3 or 2H5 did not alter these parameters, suggesting an impairment of histamine-induced leukocyte rolling mechanisms. Although histamine elicited a slight increase in the number density of adhesion (not significant), the magnitude was still < 50% of that in WKY.
Hydroperoxide-induced leukocyte rolling in WKY and SHR. To test the hypothesis that the difference in P-selectin-mediated leukocyte rolling between WKY and SHR is not just the result of a difference in histamine sensitivity between the two strains, the effect of t-BH, another stimulator for P-selectin expression (22) was evaluated. In WKY, 500 4M t-BH superfusion induced a significant reduction of Vw/VR without significant decrease in the venular shear rate and with a time history distinct from that induced by histamine (Fig. 4) . Pretreatment with PB 1.3 or 2H5, but not with mouse IgG or IgM, attenuated these changes, suggesting again the involvement of P-selectin and SLeX in the t-BH-elicited adhesion reaction in WKY rats. The t-BH-elicited reponses of leukocyte rolling seemed to be independent of endogenous histamine release, inasmuch as neither diphenhydramine nor ranitidine, an inhibitor of histamine H2 receptor, attenuated the reduction of leukocyte rolling velocity (data not shown). The adhesive response after t-BH application were likewise blunted in SHR (Fig. 5) . These results suggest that the down-regulation of the selectin-mediated leukocyte rolling in SHR occurs independently of the choice of stimulus.
Platelet-endothelial cell interactions elicited by histamine and t-BH in vivo. To investigate whether the preventive effects of an P-selectin mAb during histamine-or t-BH-elicited leukocyte rolling and adhesion in WKY is due to immunoneutralization of platelet P-selectin, in vivo platelet-endothelial cell interactions were visually investigated using CFSE-assisted digital microfluorography. BH for 30 min. In the two strains, neither histamine nor t-BH did elicit a significant increase in the number of platelet aggregates adhering to the venules. It is therefore conceivable that the attenuating effect of PB1.3 on histamine-or t-BHinduced activation of leukocyte rolling and sticking is attributable to its blockade of endothelial P-selectin rather than on activated platelets. Differences in microvascular expression of P-selectin in WKY and SHR. To elucidate the mechanisms for the impairment of histamine-promoted leukocyte rolling in SHRs, differences in microvascular P-selectin expression were determined by immunohistochemistry in the mesentery of WKY and SHR (Fig.  6 ). While the histamine-treated mesenteric microvessels in WKY exhibited a positive immunostaining (Fig. 6 b) , microvessels in SHR showed only a negligible level of staining (Fig. 6 d) , indicating that histamine-elicited P-selectin expression in endothelial cells may be blunted in the hypertensives. 2012 Suematsu et al. Down-regulation ofSLeX-like carbohydrates on neutrophils in SHR. To clarify further the difference in adhesive reactions of circulating neutrophils to endothelium between WKY and SHR, the expression of L-selectin, SLeX, and two subunits of integrins (CDl lb, CD18) were determined by laser flow cytometry and fluorescence-labeled monoclonal antibodies (Fig. 7) . In the resting stage, before addition of phorbol myristate acetate as a stimulus, the expression of CDl lb and CD18 was not significantly different between neutrophils of WKY and those of SHR. The neutrophil L-selectin was expressed in SHR at a slightly lower level than in WKY. The most striking difference between the two strains was observed in the expression control 2H5 + t-BH of SLeX-like carbohydrates: the peak intensity of the 2H5-associated fluorescence in neutrophils of SHR ranged at as low as 42.8±10.3% (P < 0.01) of that of WKY. Although the expression of these molecules was measured in lymphocytes derived from the two species, there were no significant differences between WKYs and SHRs (data not shown). After stimulation with PMA, neutrophils in the both species exhibited down-regulation of L-selectin and SLeX with simultaneous upregulation of integrins. These results suggest that down-regulation of SLeX-like carbohydrates in circulating leukocytes may serve as another possible mechanism for impairment of P-selectin-dependent leukocyte recruitment in SHR. Preservation of low shear-dependent leukocyte adhesion in SHR. If alteration in the selectin-mediated adhesion mechanism is a critical event which results in the impaired leukocyte rolling in the histamine-or t-BH-stimulated venules of SHR, the difference in the leukocyte-endothelium interaction between the two strains might be diminished under low shear conditions, since the low shear-dependent leukocyte adhesion is thought to be mediated by the mechanism dependent on ICAM-1 and CD 1 /CD18 rather than by that dependent on selectins (19) . We therefore explored the effects of reduced shear rates on leukocyte-endothelial cell interaction in the venules of WKY and SHR (Fig. 8) . 30 min after the start of the low shear condition, the density of venular-adherent leukocytes significantly increased in WKY as well as in SHR. These results suggest that the difference in the leukocyte rolling behavior between the two strains can be observed only under physiological shear rates.
Leukocyte adhesion of SHR neutrophils to ICAM-J-expressed CHO cells. Since there is no significant difference between WKY and SHR in the amount of CD1 lb/CD18 expression, we have attempted to examine another possibility that the functional difference in this integrin may be attributable to that of histamine-or t-BH-induced neutrophil adhesion between the two strains. We tested in vitro neutrophil binding of the rat ICAM-l-transfected CHO-R28 cell as well as of its negative control CHO-K1 cell to neutrophils derived from WKYs and SHRs (Fig. 9) . Adherence of unstimulated neutrophils from WKYs to the ICAM-l -transfected CHO-R28 cells was -fourfold greater than that to CHO-Kl cells. Furthermore, coincubation with WT-3 as well as with F(ab')2 fragments of IA29 Selectin-dependent Leukocyte Adhesivity in Spontaneously Hypertensive Rats any significant difference between the two strains (data not shown). These results suggest that there is no fundamental difference in CD18-dependent adhesivity of circulating neutrophils between the two strains.
Discussion
The results of the present study demonstrate that SHR exhibits impairment of leukocyte rolling and adhesion in postcapillary venules treated with histamine, which is known to elicit significant leukocyte rolling in normotensive rats (6, 23, 28, 29 ). These findings provide several possible explanations as to why (35) , which may serve as a possible explanation for reduction of neutrophil adhesion elicited by FMLP or platelet activating factor (5). In addition, the current study provides evidence for novel mechanisms responsible for the blunted leukocyte rolling and adhesion in SHR: down-regulation of luminal P-selectin expression in venules and a decrease in the surface expression of SLeX-like carbohydrates on circulating neutrophils. Impairment of the endothelial selectin pathway in SHR provides further insight into possible mechanisms for some of the disorders of leukocyte function in this strain that have been reported previously. First, the increase in the number of circulating neutrophils and monocytes (3) may result from demargination of these cells because of chronic suppression of selectindependent cell margination (6) . This hypothesis has recently been buttressed by results from P-selectin gene knockout mice which show a significant increase in the circulating neutrophil counts (36). Secondly, SHR may exhibit a diminished sensitivity to inflammatory stimuli relative to WKY because of the impairment of P-selectin-mediated pathway for leukocyte recruitment. Recent studies suggest that P-selectin mediates a rolling interaction between neutrophils and endothelial cells which in turn facilitates neutrophil-directed juxtacrine activa- tion via other signaling molecules in the endothelium, such as platelet activating factor (37) . It may therefore be postulated that the impact of neutrophil-mediated injury under physiological shear rates may be considerably weakened in SHR. An analogous hypothesis is supported by several experimental models of gastrointestinal damage (38, 39) , in which neutrophilmediated injury mechanisms appear to be a factor in determining the severity of lesions (40) .
While a P-selectin-dependent leukocyte recruitment appears to be required under normal shear rates, it seems to play a reduced role under low shear rates (21) . Interestingly, SHR is known to be more vulnerable to hemorrhagic hypotension than WKY (40) . According to our previous observation (41) , the population of neutrophils producing superoxide spontaneously in the circulation represents a key factor which determines the sensitivity to hemorrhagic shock.
It is therefore likely that the SHR, which has significantly greater number of spontaneously activated neutrophils in the circulation than WKY (3), is more susceptible to hemorrhagic hypotension (40) . In addition, according to Arndt et al. (5) , the tissue myeloperoxidase activity in the lung, the major compartment of marginating neutrophils (26) , is significantly higher in SHR than in WKY, suggesting an increase in the baseline population of marginating and/or residual neutrophils in and around pulmonary microvessels. Once exposed to hemorrhagic shock, the spontaneously activated neutrophils in the circulation are likely to be trapped within pulmonary microvessels of SHR subjecting the lung to even higher oxidative stress by these activated cells via a selectin independent mechanism. It should further be examined in SHR whether redistribution of circulating neutrophils may jeopardize the viability of particular organs such as lung under hemorrhagic conditions via low shear-depen-dent leukocyte recruitment which does not require selectin-mediated adhesion mechanisms.
